ABSTRACT. Random regression models have been widely used to estimate genetic parameters that influence milk production in Bos taurus breeds, and more recently in B. indicus breeds. With the aim of finding appropriate random regression model to analyze milk yield, different parametric functions were compared, applied to 20,524 test-day milk yield records of 2816 first-lactation Guzerat (B. indicus) cows in Brazilian herds. The records were analyzed by random regression models whose random effects were additive genetic, permanent environmental and residual, and whose fixed effects were contemporary group, the covariable cow age at calving (linear and quadratic effects), and the herd lactation curve. The additive genetic and permanent environmental effects were modeled by the Wilmink function, a modified Wilmink function (with the second term divided by 100), a function that combined third-order Legendre polynomials with the last term of the Wilmink function, and the Ali and Schaeffer function. The residual variances were modeled by means of 1, 4, 6, or 10 heterogeneous classes, with the exception of the last term of the Wilmink function, for which there were 1, 3, 6, or 10 classes. The models gave similar hereditability estimates, ranging from 0.20 to 0.33. Genetic correlations between adjacent records were high values (0.83-0.99), but they declined when the interval between the test-day records increased, and were negative between the first and last records. The model employing the Ali and Schaeffer function with six residual variance classes was the most suitable for fitting the data.
INTRODUCTION
Random regression models (RRMs) have been widely used for analysis of traits whose measures are obtained sequentially over time (longitudinal data), such as milk production. According to Meyer and Hill (1997) , RRMs are equivalent to covariance functions, described initially by Kirkpatrick et al. (1990) . Covariance functions permit description of the changes in covariance between measures that occur over time, and can predict the variances for points of the trajectory with little or no information. They are obtained in RRMs by means of the co(variance) matrix between the random regression coefficients (Meyer, 1999) .
There are different functions that can be used to fit the yield trajectory. Among those used in random regression, the ones most often used are parametric functions and Legendre orthogonal polynomials. Legendre polynomials are flexible, enabling fitting curves independently of the trait of interest. In turn, parametric functions are based on components of the typical curve and tend to impose a particular shape, which can result in satisfactory fits when the data take this form but unsatisfactory fits when the trait's data follow a different path.
Among the parametric functions used in RRMs to study test-day milk yield (TMDY), the exponential function of Wilmink and the logarithmic one of Ali and Schaeffer are more prominent (López-Romero and Carabaño, 2003; de Melo et al., 2007; Herrera et al., 2008; Pereira et al., 2010) . Modifications of the Wilmink function have been proposed with the intention of improving the adjustment of curves to the data. In this respect, Jakcbosen et al. (2002) proposed dividing the second term by 100 to reduce the amplitude of the covariable, with the aim of improving the model's numerical properties. Brotherstone et al. (2000) altered the value of the parameter a 3 , comparing the standard value (-0.05) with -0.068 and -0.10, and concluded that the value -0.068 provided the best fit for Dutch breeds. They also obtained a higher value for the maximum log-likelihood and lower incidence of negative correlations between the initial and final test-day records. Freitas (2003) , who studied the Gyrolando breed, tested the same values and concluded that -0.05 was the best. Lindauer and Mäntysaari (1999) proposed a function formed by a combination of the Wilmink and third-order Legendre orthogonal polynomials for better description of the lactation curve.
For an adequate partition of the total variance, studies with RRMs have concluded that heterogeneous residual variances must be considered (El Faro and Albuquerque, 2003; Bignardi et al., 2009; Takma and Akbas, 2009) . RRMs that consider heterogeneous residual variances are more suitable for fitting the data than are models that consider the residual variance as being homogeneous, since these tend to overestimate the additive variance (Jamrozik and Schaeffer, 1997) .
The aim of this study was to compare RRMs with different residual variance structures to ana-lyze milk yield from first lactations of Guzerat cows by using the parametric functions of Wilmink and Ali and Schaeffer and a combination of third-order Legendre polynomials and the Wilmink function.
MATERIAL AND METHODS
The data used consisted of the TDMY records from the first lactation of Guzerat cows (Table 1) We considered TDMY records from the 6th to 305th days of lactation. The records were divided into 10 monthly classes, and only data from cows with at least 4 records were kept in the data set.
The contemporary groups were formed by herd, year, and test-day season, which was divided into the dry season (April to September) and the rainy season (October to March). Contemporary groups were maintained, provided they contained at least 3 animals. The data are described in Table 1 .
The analyses were performed using a single-trait RRM. This model included the direct additive genetic, permanent environmental, and residual effects as the random effects and the contemporary group, average herd lactation curve, and linear and quadratic effects of the covariable cow age at calving as the fixed effects. The variance components were estimated using the restricted maximum likelihood method with the Wombat program (Meyer, 2006) .
The lactation curve was fitted by the logarithmic function of Ali and Schaeffer (AS; 1987) , the exponential function of Wilmink (Wl; 1987) , a modified Wilmink function (Wlm) with the second term divided by 100 (Jakcbosen et al., 2002) , and a combination of the Wilmink function with third-order Legendre polynomials (LM; Lindauer and Mäntysaari, 1999) . The mean herd curve and the random regressions for the additive genetic and permanent environmental effects were modeled according to the function used.
For the residual variances, both homogeneous and heterogeneous structures were considered, with different numbers of classes. The model with 10 classes considered each month as a different class, while the models with fewer classes were grouped according to the similarity of the variances. Therefore, the model adjusted by the AS considered 6 residual variance classes, grouped in the following form: 1, 2, 3-5, 6-7, 8-9, 10 ; while the grouping with 4 classes was 1, 2, 3-9, 10. The model adjusted by the Wl and Wlm considered 6 residual variance classes, grouped: as 1, 2-3, 4, 5-8, 9, 10, or 4 classes, grouped as 1, 2-8, 9, 10. The model adjusted by LM included 6 residual variance classes, grouped 1-2, 3, 4-5, 6-7, 8-9, 10, or 3 classes, grouped as 1-2, 3-9, 10.
In the Wl given by y = a 0 + a 1 t + a 2 exp(a 3 t), where t is the number of days in lactation and the parameter a 3 is related to the curve's shape and peak lactation moment. This was considered as a constant, to reduce the number of parameters to be estimated by the models. To estimate the value of the maximum log-likelihood function, the following values of a 3 were evaluated: -0.06; -0.05 (standard); -0.04; -0.03; -0.025; -0.02; -0.015, and -0.01.
The random regression model used can be represented mathematically as follows:
where y is the vector of the N observations measured in Na animals; b is the fixed effect vector, including the solutions for contemporary group and the covariable age at calving (linear and quadratic regressions); a is the vector of solutions for the coefficients of the additive genetic random effects; ap is the vector of solutions for the coefficients of the permanent environmental random effects; e is the vector of the N different residuals, and X, Z, W are incidence matrices for the fixed and direct random genetic and permanent environmental effects, respectively. The assumptions about the components of the model are as follows:
where K A and K AP are the co(variance) matrices between the random regression coefficients of the additive genetic and permanent environmental effects, respectively; A is the pedigree matrix among the individuals; I Nd is an identity matrix; R represents a matrix containing the residual variances. The models' performances were compared using the Akaike information criterion (AIC) and the Bayesian information criterion (BIC) of Schwarz (1978) , according to which lower values indicate a better model (Wolfinger, 1993) .
The information criteria can be represented as follows:
where p is the number of model parameters, N is the total number of records, r is the rank of the fixed effect incidence matrix in the model, and log L is the natural logarithm of the likelihood function. Table 2 contains the results of the maximum log-likelihood function for the models that considered homogeneous variances, fitted by the Wl with different values of the parameter a 3 . The best value of this parameter among these models was -0.025, because it obtained the highest log-likelihood value. A similar result was found by Pereira et al. (2010) , who evaluated working with data on the Gyr breed. In Wl, the parameter a 3 is related to the peak milk production, and the standard value of this parameter is -0.05, obtained from fitting lactation curves mainly of Bos taurus breeds (Wilmink, 1987) , for which this peak is frequently reached on the 60th lactation day. In Zebu breeds, however, the peak milk yield occurs closer to the start of lactation, with a short ascension period to the peak, probably explaining the better fit with a lower value for this parameter (Cobuci et al., 2000) . Table 3 shows the values of the log-likelihood function (logL), the AIC, and BIC. In the present study, the logL values improved with an increasing number of parameters. The values of the AIC and BIC tests to compare the models showed that the models considering homogeneous residual variances fit the data worse than those considering heterogeneous variances, irrespective of the function employed. However, two of the models adjusted by the Ali and Schaeffer function (AS-1 and AS-6), which considered homogeneous variances, presented the best BIC values, and the second of these obtained better logL and AIC values than the first. These results thus indicate that the residual variance behaves differently during lactation, as also observed by Costa et al. (2005) , Herrera et al. (2008) , and Pereira et al. (2010) , studying parametric functions for milk production by the Zebu Gyr breed.
RESULTS AND DISCUSSION
The Wilmink function obtained worse values for logL, AIC, and BIC than the modified Wilmink function, both with the same number of parameters. The best results for the Wilmink function were obtained by the modified function with 10 residual variance classes (Wlm-10), according to both AIC and BIC. The best model combining LM with the Wilmink function was that with 6 residual variance classes. For AS the model with 6 residual variance classes (AS-6) obtained the lowest values for both AIC and BIC and was therefore considered the best model. BIC is more rigorous than AIC and tends to indicate more parsimonious models, so we used the model that considered homogeneous variances (AS-1) in the subsequent analyses because it had the same BIC value as model AS-6 but a smaller number of parameters.
The models fitted by a combination of LM and the Wilmink function obtained better results than those using only the Wilmink function, in either its original or modified specification. AS was thus better than the other parametric functions, according to the criteria evaluated, and was consistent with the results of most studies conducted with other breeds in Brazil (de Melo et al., 2007; Herrera et al., 2008; Pereira et al., 2010) .
The models fitted by AS function obtained the highest magnitudes for the covariances and random regression coefficients (Table 4 ). The covariances of the modified Wilmink function involving the parameter a 1 of the additive genetic and permanent environmental coefficients were 100 times larger than those of the WI10 function (data not shown), and the variance was 10,000 times larger, making the values of the covariance matrix more regular without altering the correlations between these coefficients. However, the modification of the Wilmink Table 4 . Estimates of variances (diagonal), covariance (above the diagonal) and correlations (below the diagonal) between random regression coefficients and eigenvalues (λ) of the coefficients matrix for additive genetic effect and permanent environment effect for the best models of each function.
Values in bold indicate the eigenvalues in which to base the discussion of the results showed in this table.
function increased the explanatory power of the third eigenvalue from 0 to 1.25 and 1.88% for the additive genetic and permanent environmental effects, respectively. The last eigenvalue of the models fitted by the AS explained 0% of the total variation in the additive genetic and permanent environmental effects. This indicates that these models were overparameterized, despite adequately fitting the data. The first eigenvalue of the covariance matrix between the regression coefficients explained a higher proportion of the total variation in the models adjusted by the AS (more than 96%), both for the genetic effect and the permanent environmental effect. For the other models, the first eigenvalue was responsible for up to 78% of the total variation.
The phenotypic and additive genetic variances estimated by the Wlm-10, LM-6, AS-1, and AS-6 models showed similar tendencies and coincided at many points (Figure 1 ). There was no coincidence of points when using the Wlm-10 model only for the last 2 months, with the difficulty of fitting the data attributed to the end of lactation. With respect to the permanent environmental variance, the tendencies among the models were also similar. However, estimate of the permanent environmental variance for the first lactation month obtained with the AS-6 model was lower than those obtained with the other models.
The residual variances presented a similar and constant tendency from the 3rd to the 9th lactation month. López-Romero and Carabaño (2003) reported that for the interval between 75 and 275 days in milk, the residual variances can be assumed to be homogeneous. This can explain the adequate fit produced by model AS-1, which considered constant variance, and the value near those obtained by the other models for this interval. In model AS-6, the residual variance estimates were greater in the first month and smaller in the second and last months than those of the other models, this being the model that obtained the largest magnitude of differences between the estimates. The Wlm-10 and LM-6 models tended to produce the highest estimates for the second month, but diverged in the last month of lactation, where model Wlm-10 presented a higher residual variance estimate than LM-6.
The heritability estimates produced by models Wlm-10, LM-6, AS-1, and AS-6 behaved similarly (Figure 2) , except for the second and last months, where model Wlm-10 produced smaller estimates than the others. The amplitudes of variation in the heritability estimates of the models ranged from 0.20 to 0.33, with the lowest heritability estimates obtained for TDMY in the eighth month and the highest in the second or third month. Freitas et al. (2010) , who also evaluated data on the Guzerat breed, found similar results but observed the highest heritability values at the start of lactation. Hereditability estimates similar to those in the present study, obtained using Wilmink and AS functions, were reported by Herrera et al. (2008) and Pereira et al. (2010) , with values varying from 0.15 to 0.33 for TDMY of Gyr cows. Araújo et al. (2006) , who studied the Dutch breed, also found heritability estimates with this amplitude by using the same functions.
The estimates of the genetic and phenotypic correlations of the records, obtained by models Wlm-10, LM-6, and AS-6, are presented in Tables 5, 6 , and 7, respectively. The genetic correlations were high (near 1) between the yields of adjacent records and declined as the interval between the increased records. This result is similar to those found by Bignardi et al. (2009) for the Dutch breed and by Kettunen et al. (2000) for the Ayrshire breed; RRMs were used in both studies. 
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Figure 2. Heritability estimates (h 2 ) for monthly milk yield obtained with the Wlm-10, LM-6, AS-1, and AS-6 random regression models. Table 6 . Phenotypic (below diagonal) and genetic (above diagonal) correlation estimates between monthly milk yield obtained with the LM-6 random regression model. Table 7 . Phenotypic (below diagonal) and genetic (above diagonal) correlation estimates between monthly milk yield obtained with the AS-6 random regression model.
